The radiation response of MOS devices has been shown to be dependent on the details of the device processing and of the device design. To produce megaradhard devices process controls have been used and special design considerations have been developed. This paper considers the special problem of hardening IC's for low radiation doses (l-lOkrad). A worst case calculation of the radiation induced threshold voltage shift shows that it may be possible to guarantee the total dose hardness of MOS IC's for low doses by controlling only the gate oxide and field oxide thickness with no other process controls.
Introduction
A great deal of progress has been made in improving the hardness of metal oxide semiconductor (MOS) devices and circuits. The failure levels have been raised at least two orders of magnitude. These gains have been made as a result of careful research which determined that device response is affected by the cleanliness of the processing equipment,1 the details of the processing such as oxide growth and anneal temperatures2'3 and the physical properties of the circuit such as the gate oxide thickness.3'4 The radiation response of the circuits has also been shown to be sensitive to the metallization procedure2'5 and with the advent of e-beam and x-ray lithography, even the lithography step has its negative effect on hardness. 6 The benefits of using thin gate oxides were pointed out several years ago,7 and it has been shown that by con- sidering the oxide thickness along with other process modifications meIarad-hard integrated circuits (IC's) can be produced.
This paper considers the special case of designing MOS IC's to survive low radiation doses (1 to 10 krads (SiO2)) by controlling only the oxide thickness. By using the basic physics of the radiation response of thermally grown SiO2, an approach to hardening is suggested which is based on worst-case calculations of the threshold voltage shift. Such an approach guarantees the hardness level and would re- quire that only the oxide thickness be monitored to assure hardness.
Model of Worst-Case Radiation Response
It has been shown that ionizing radiation produces electron-hole pairs in the bulk SiO2 film in an MOS structure. Under the influence of the applied field in the SiO2, the electrons and holes which escape initial recombination are transported to the metal-oxide or silicon-oxide interfaces where they are either removed from the system or trapped.8,9,10 However, the electrons have been shown to be rapidly removed from the SiO2 leaving a distribution of holes in the SiO2 which moves toward either interface via a slower phonon assisted process. The threshold voltage shift is proportional to the net positive charge which results, and the largest flatband voltage Figure 3 . Some values are given in Table 2 , where AVT = -10 V and AVT = -25 V were selected to bracket the range of field oxide threshold voltage shifts found in the literature. Most of the thickness of the field oxide shown in Table 2 are thinner than those currently used. The calculation, however, is much more conservative for the thick oxides, because the actual field across the oxide is much lower at normal operating voltages than for the gate oxide. As pointed out earlier, the yield of charge is field dependent. For the thickest oxides, the actual yield of charge can be as low as 0.2 of the yield obtained at high fields.
Because these thicknesses are less in line with current technology, it may be necessary to relax the constraint on the fractional yield factor F(E,e) in order to be able to apply the general approach. If we no longer assume F(E,e) = 1.0 then equation 6 becomes 2 AVT = -0.36 1 D F(E) (7) A designer could use the F(E,s) curve most appropriate for the type of radiation environment the circuits are to survive in. However, it would be more conservative to use the F(E,s) curve for the high-energy irradiation since the yield of charge is the largest of the three sets of data shown in Figure 1 . Although no detailed study has been made of the yield of charge for different energy radiations, it is not likely that the yield versus field results would be much greater than for the case of the 13-MeV electrons. Generally, the yield is expected to be related to the stopping power of the radiations. For the higher energy irradiations, the recombination should be predominately geminate and the resulting charge yield high. As the stopping power of the primary and secondary radiation decreases, columnar recombination will begin to dominate and the charge yield should be lower. Mozumder and Magee25 have developed a detailed model of ionizing radiation tracks for aqueous solutions which demonstrates these conclusions.
The F(E,s) data for the 13-MeV electron irradiation obtained from a best fit of a geminate recombination model is given in Table 3.15   Table 3 Hole Yield in MOS Capacitors for 13 The results of the calculations are shown for two radiation levels (2 krad(SiO2) and 10 rad(SiO2)) in Figure 4 . As can be seen, more acceptable values of the field-oxide thickness are predicted. Some of the results are also tabulated for a range of radiation levels in Table 4 . Since the range of field oxides which are currently in use is from 7 to 10 kA, these results indicate that the situation has only been improved for applications in the 2 to 3 krad(SiO2) range. With future scaling of MOS devices it seems possible that field oxides in the range of 2500 A could be used, which would make hardening to 10 krad(SiO2) possible. For the present, however, it would appear that a designer could not be for the tables 1, 2 and 4 using the corre!Ction factor shown in Table 5 for a given fT. 
Advantages of this Approach
The biggest advantage of using this worst-case approach for hardening is that circuits hard at low doses could be produced by any manufacturer with the thinoxide technology needed to make the parts. The only process controls would be the normal ones required to produce reliable IC's. The hardness assurance would be carried out by simple capacitance measurements or ellipsometry measurements to determine oxide thickness.
Another advantage of this approach is that the devices designed by these rules will also be hard at cryogenic temperatures. For megarad-hard oxides where the hole trapping may be as low as 1 percent, the radiation sensitivity is greatly enhanced at low temperatures because the radiation-generated holes are immobilized in the bulk SiO214,15 or their transport is severely slowed. The dominant mechanisms for these devices to recover from the radiation is for the holes to transport the interface, where 99 percent are removed; therefore, if the holes do not move to the interface these devices do not recover. But for oxides with more than 50 percent hole trapping there is no short-term recovery. In fact, as the holes transport to the interface, the If, because of their design characteristics, the products look like they will meet DoD requirements, these manufacturers may be encouraged to do further testing to determine the hardness. Since no process changes would be required of these manufacturers, more radhard devices could be made available to the user community.
Conclusion
The conservative analysis presented in this report indicates that it is possible to assure the hardness of MOS devices and circuits for low total-dose exposures by controlling only the gate-oxide and fieldoxide thickness. This approach has the advantage that circuits designed according to these guidelines could be manufactured on any process line. The range of gate-oxide thicknesses required for both CMOS and NMOS appears to be reasonable. The field-oxide thickness range is reasonable if the constraint on recombination is relaxed as suggested in the test. However, with the scaling down which is currently underway commercially and with the support of the DoD VHSIC program, a thin-oxide technology which could be hard to 104 rads(SiO2) may soon be available. In fact, in the paper by E.E. King and G.J. Manzo, in this issue there is evidence presented that suggests that the effects are already being observed.
